Introduction
Mast cells (MCs) are tissue-resident cells that are distributed throughout the dermis, where they have an evolutionarily conserved responsibility to the host for pathogen surveillance (1). Although MCs have long been associated with pathological conditions including asthma and allergy (2) , they are also now well accepted as sentinel cells that send an alarm to the immune system that a pathogen is present. MCs perform this task efficiently and recognize multiple classes of pathogens by detecting bacterial or viral structural components using a wide range of traditional pathogen-associated molecular patterns (e.g., TLRs) (3) . MCs are also activated by indirect, endogenous signals of infection (such as those to complement) (1). When activated, MCs respond in a biphasic manner, within seconds releasing preformed mediators that are packed tightly into granules, while initiating proinflammatory transcriptional programs. The second phase of the response involves release of these de novo-produced cytokines and chemokines in the hours following activation (1). MC innate responses to pathogens promote pathogen clearance in vivo through initiation of inflammation and recruitment and activation of other immune cells within the site of infection. Although MCs are well known to play a role in host defense against bacteria and parasites, MC responses to viral pathogens had hardly been examined until recently (1, 4). MCs degranulate highly in response to dengue virus (DENV), a clinically relevant Flavivirus that infects the skin after a mosquito bite. DENV activation of MCs promotes immune clearance of DENV in the skin and in draining lymph nodes (DLNs), which is characterized by the recruitment of cytotoxic lymphocytes, such as NK cells and NKT cells, to DENV infection sites by MCs (5) . This raises the question of whether other subtypes of lymphocytes are recruited to the peripheral sites of infection by MCs and what functional impact this interaction could have on viral clearance.
There is increasing evidence of MC interaction with T cells in tissues. For example, in addition to NKT cell recruitment during DENV infection, it has been shown that MCs promote the recruitment of CD8 + T cells during Newcastle virus infection (6) . MCs responding to viral pathogens have been shown to produce several chemokines that are understood to promote the recruitment of various subsets of T cells, including CCL5, CXCL10, CXCL12, and CX3CL1 (5) (6) (7) . In addition to directing chemotaxis, MCs also prompt endothelial activation, which is required for extravasation from the blood vessel lumen into tissues (8) . An important component of this is MC-derived TNF, which induces E-selectin expression on vascular endothelium (9) . Aside from cellular recruitment, MCs could potentially influence T cell responses through other mechanisms. For example, MC-derived preformed TNF is required for the LN hypertrophy (retention of B and T cells in LNs) that occurs in the hours after acute inflammation is initiated (10) . This response is thought to be essential for optimal immune specificity, since it increases the probability that rare antigen-specific T cells are present in DLNs as the adaptive immune response is undergoing refinement.
Given the discordant results from in vitro and in vivo studies (11) , the question of whether MCs are physiologically relevant as antigen-presenting cells (APCs) remains unanswered. Our understanding is further obstructed by the fact that MCs provoke antigen-independent activation of T cells in coculture experiments (12, 13) , so whether antigen presentation in a traditional sense occurs has remained unclear. MCs do not constitutively Mast cells (MCs) are immune sentinels, but whether they also function as antigen-presenting cells (APCs) remains elusive. Using mouse models of MC deficiency, we report on MC-dependent recruitment and activation of multiple T cell subsets to the skin and draining lymph nodes (DLNs) during dengue virus (DENV) infection. Newly recruited and locally proliferating γδ T cells were the first T cell subset to respond to MC-driven inflammation, and their production of IFN-γ was MC dependent. MC-γδ T cell conjugates were observed consistently in infected peripheral tissues, suggesting a new role for MCs as nonconventional APCs for γδ T cells. MC-dependent γδ T cell activation and proliferation during DENV infection required T cell receptor (TCR) signaling and the nonconventional antigen presentation molecule endothelial cell protein C receptor (EPCR) on MCs. γδ T cells, not previously implicated in DENV host defense, killed infected targeted DCs and contributed to the clearance of DENV in vivo. We believe immune synapse formation between MCs and γδ T cells is a novel mechanism to induce specific and protective immunity at sites of viral infection.
subsets of T cells were enriched in the skin in a MC-dependent manner (Figure 1 , A-E). The subsets of T cells dominating the early cutaneous response were innate T cells, including NKT cells (Figure 1B) and γδ T cells ( Figure 1C ). CD8 + T cells also showed MCdependent enrichment, but at the later time point of day 3 after infection ( Figure 1D ), while CD4 + T cells were not enriched significantly in the skin of MC-sufficient mice over MC-deficient Sash mice until day 5 after infection ( Figure 1E ). Reconstitution of Sash mice (referred to hereafter as Sash-R mice) with bone marrowderived MCs (BMMCs) resulted in restored recruitment of total T cells, and the numbers of NKT, γδ, CD4 + , and CD8 + T cell subsets in the skin were also restored to the levels seen in DENV-infected WT mice (Supplemental Figure 2, A-E), confirming the MC dependency of various subsets of T cells during DENV infection. Furthermore, when we measured the activation status of the recruited T cells, we found that day 3 was a critical time point for T cell activation in the FP following DENV infection. In Sash mice lacking MCs, we observed substantially reduced activation of CD8 + , NKT, and γδ T cells at the site of infection compared with WT and Sash-R mice (Figure 1, F-H ). In contrast, we found that activation of CD4 + T cells was not influenced by MCs ( Figure 1I ). Importantly, these defects in T cell recruitment were observed in the skin of Sash mice compared with that of WT and Sash-R mice, even though viral titers were higher in Sash mice than in WT or Sash-R mice, suggesting that this deficit was not due to the lower viral burden in Sash mice ( Figure 1J and Supplemental Figure 2F ). Together, these data demonstrate that T cell recruitment and activation at the site of cutaneous DENV infection were MC dependent and occurred in response to stimuli from MCs.
MCs induce the retention and activation of T cells in DLNs.
The arrival of activated DCs and sequestration of T cells from the circulation that occur during LN hypertrophy provide an optimal environment for the initiation of adaptive immune responses by increasing the likelihood of T cell encounters with their DCpresented cognate antigens (23) . Since DENV has been shown to induce a strong degranulation response in MCs and since particulate TNF released by MCs is a potent inducer of LN hypertrophy, we investigated which subsets of T cells were retained in the popliteal LN, which is the DLN for the FP skin ( Figure 2 ). Although we observed retention of multiple subsets of T cells in the DLNs of DENV-infected Sash mice, the magnitude of the total T cell response was significantly lower in comparison with that seen in WT mice, indicating that a significant portion of this response is due to the involvement of MCs in immunosurveillance for DENV (Figure 2A ). T cell subsets with innate functions, including NKT cells and γδ T cells, were recruited to DLNs in enhanced numbers in WT mice compared with Sash mice (Figure 2 , B and C) and showed significantly increased levels of activation ( Figure 2 , D and E) at multiple postinfection time points. We also observed a MC-dependent increase in the total numbers and activation of CD8 + T cells 24 hours and 48 hours after infection in WT mice compared with Sash mice (Figure 2 , F and G), which is consistent with LN hypertrophy and initiation of adaptive responses against DENV. Moreover, the total numbers of CD8 + T cells were significantly higher in WT mice compared with those in Sash mice at various postinfection time points ( Figure 2F) . Similarly, CD4
+ T cell numbers were higher throughout the time course in WT mice express MHC class II molecules on their surface in the skin, although MHC class II is inducible on MCs in various inflammatory and experimental contexts (14) . MCs also express some nonclassical MHC molecules, such as CD1d (15) . Despite the divergent data regarding whether MCs can serve as APCs in vivo, there is a consensus that MCs have been described to physically interact with T cells in tissue sections (16) , but the function and mechanisms of this interaction remain unknown.
Aside from MCs, other immune cells reside in peripheral tissues and contribute to innate immune responses. For example, γδ T cells patrol the skin, although not much is known about their function in immune responses and the mechanisms that lead to their activation (17, 18) . However, γδ T cells have been implicated in the clearance of West Nile virus infection (19, 20) , which is closely related to DENV and also injected into the skin by mosquitos. Typically, γδ T cells are not restricted to the recognition of antigen bound to MHC molecules (17) , and these T cells have the ability to become activated by certain stimuli completely independent of antigen presentation (21) , suggesting that they may not need signals from other cells or contact with them to become activated. Both γδ T cells and MCs inhabit the same peripheral milieu, both cell types function as a bridge between innate and adaptive immunity, and both are responsible for host defense and pathogen clearance. However, to our knowledge, interactions between MCs and γδ T cells have not been reported or postulated.
In this study, we sought to understand the contributions of MCs to the trafficking and activation of various T cell subsets in the skin during acute viral infection. Our data show that not only are MCs consequential to the regulated trafficking of multiple subsets of T cells during viral infection, but they also contribute significantly to the early recruitment, activation, and proliferation of γδ T cells through the nonconventional antigen presentation molecule endothelial cell protein C receptor (EPCR), in a γδ T cell receptor (γδ TCR) signaling-dependent manner involving immune synapse formation. In turn, γδ T cells enhance the clearance of virus in vivo, emphasizing the functional significance of the physical interaction between MCs and γδ T cells.
Results

MCs recruit multiple subsets of T cells to viral infection sites.
To investigate the role of MCs in potentiating T cell responses during cutaneous viral infection, we injected 1 × 10 5 pfu DENV2 s.c. into the footpad (FP) skin of MC-sufficient C57Bl/6 mice and congenic MC-deficient Kit W-sh/W-sh (Sash) mice, which have an inversion in the c-Kit promoter that impedes development of the MC lineage (22) . We infected mice by peripheral injection to replicate the natural route of infection for DENV in humans. The skin of the FPs was removed and processed to single-cell suspensions and stained for flow cytometry using a panel of antibodies designed to identify various subsets of T cells at the site of infection (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI122530DS1). Previously, we showed that DENV induces strong MC degranulation in vivo, with approximately 30% of MCs losing granularity in the skin following infection and recruitment of NK and NKT cells into the skin (5) , but the responses of additional T cell subsets were not evaluated. Here, when FPs were infected with DENV, we observed that multiple (24) . For this experiment, mice with Cre driven by the compared with Sash mice, but the numbers of activated CD4 + T cells were only significantly increased in WT mice 24 hours after infection ( Figure 2 , H and I). Interestingly, peak γδ T cell activation occurred 3 days after infection ( Figure 2E) , similar to what was seen in the FP skin ( Figure 1G ). Experiments using Sash-R mice further confirmed that MCs were sufficient to restore the phenotype of enhanced T cell recruitment and activation that was diminished as a result of MC deficiency (Supplemental Figure 3) . With regard to the innate T cells that we assessed, γδ T cells were more abundant in the DLNs during DENV infection, Figure 2F . For all panels, unless otherwise noted, data represent the mean ± SEM. *P < 0.05, **P < 0.001, ***P < 0.001, and ****P < 0.0001, by 2-way ANOVA with Sidak's multiple comparisons test. n = 4-6 mice. Reduced recruitment and activation of several subsets of T cells occurred in the skin of MC-deficient mice during DENV infection, which was repaired upon reconstitution of MC-deficient mice with MCs. Figure 1C ) and in DLNs ( Figure  2C ), we next aimed to determine whether the increase in the numbers of γδ T cells at virus-infected sites was due to proliferation in response to infection or to recruitment directly from the circulation. To distinguish between these 2 cell populations and assess the contributions of MCs to each, we labeled local FP-resident cells by injecting CFSE into the FPs of WT and Sash mice prior to infection with DENV. At the concentration of CFSE used, within 4 hours, we observed that CFSE had labeled approximately 50% of the FP-resident DCs, while less than 1% of the LN cells were labeled (Supplemental Figure 5) , indicating that the presence of MC-specific promoter of Mcpt5 were crossed with mice bearing an inducible diphtheria toxin receptor (iDTR) to produce mice (Mcpt5-Cre/iDTR) that express the DTR only on MCs (24) . These mice were injected with diphtheria toxin (DT) at regular intervals using a protocol developed by others (24) to strongly reduce the numbers of peripheral MCs before infecting them with DENV2 ( Figure 3A ). We validated MC depletion as being greater than 95% (Supplemental Figure 4) . Consistent with our data from Sash mice (Figures 1 and 2 ), in this alternate model of MC deficiency, we observed impaired total T cell retention in the DLNs of MCdepleted Mcpt5-Cre/iDTR mice compared with DT-injected Mcpt5-Cre congenic controls ( Figure 3B ). This reduction in T cell retention was consistent for multiple subsets of T cells including NKT cells, γδ T cells, and CD8
+ and CD4 + T cells ( Figure 3 , C-F). Thus, these results using a c-Kit-independent, MC-selective abla- ) were compared between WT and Sash mice. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-way ANOVA with Sidak's multiple comparisons test. n = 4-6 mice per group. MC-deficient mice had defects in recruitment and activation of multiple T cell subsets to DLNs. Figure 4A ). In MC-deficient Sash mice, both CFSE + (FP-resident) and CFSE -cell populations were significantly reduced during infection compared with WT mice ( Figure  4A ). There was no baseline difference in the levels of resident or CFSE + cells in LNs following DENV challenge can be interpreted as showing that they are FP derived. Our results also suggested that local FP-resident γδ T cells underwent proliferation in situ, as evidenced by the increase in total numbers of CFSE + γδ T cells in the FPs during infection ( Figure 4A ). In addition to the significant increase in the total number of γδ T cells ( Figure 4A ), we observed unlabeled γδ T cells between WT and Sash mice in the uninfected control groups ( Figure 4A ). We also observed that the numbers of CFSE -γδ T cells were increased in DLNs following infection of WT mice with DENV ( Figure 4B ). Similar statistically significant trends in MC-dependent γδ T cell recruitment in response to DENV in FPs and DLNs persisted 72 hours after infection (Supplemental Figure 6 ). Of note, the FP-derived γδ T cells in the DLNs showed evidence of having proliferated, as determined by dilution of the CFSE stain ( Figure 4 , C and D, and Supplemental Figure 7) .
The increased numbers of CFSE -γδ T cells were suggestive of recruitment to the LNs; however, given the possibility that the increase in unlabeled γδ T cells could also occur if there were to be substantial proliferation of the unlabeled local cells, we also used an alternative method to confirm that recruitment had occurred. For this, labeled splenocytes were injected into mice prior to DENV infection, and we measured the numbers of CFSE + T cells and that had trafficked from the circulation into the FP skin ( Figure 4E ) and DLNs ( Figure 4F ) by 24 hours after infection. This confirmed that recruitment occurs, in addition to local proliferation, in a MCdependent fashion. Similarly, we also observed MC-dependent recruitment of the γδ T cell subset in response to DENV in FPs and DLNs (Supplemental Figure 8) . These results confirmed that the population of γδ T cells that is augmented by MCs during DENV infection consists of both newly recruited and locally proliferating γδ T cells and that there is significant, MC-dependent recruitment and proliferation of these T cells.
Functional γδ T cell responses rely on induction of IFN-γ in the context of both viral infection and tumor immunosurveillance (18) . Thus, to further assess the contributions of MCs to γδ T cell activation in vivo, we quantified the numbers of IFN-γ-producing γδ T cells ( Figure 4G ) in comparison with the numbers of IFN-γ-producing CD8 + ( Figure 4H ) and CD4 + ( Figure 4I ) T cells during DENV infection of WT, Sash, and Sash-R mice. Interestingly, we found that IFN-γ production by γδ T cells at both 24 hours and 48 hours was highly dependent on MCs ( Figure 4G ). Although CD8 + T cells were not major contributors of IFN-γ, we also detected reduced numbers of CD8 + IFN-γ + T cells 48 hours after infection in Sash mice compared with WT and Sash-R mice ( Figure 4H) ; however, MCs did not significantly influence the number of CD4 + IFN-γ + T cells ( Figure 4I ). These results demonstrate that IFN-γ production by γδ T cells is MC dependent and indicate that γδ T cells are a major cellular source of IFN-γ during DENV infection.
Contact is necessary for MC-dependent γδ T cell activation and proliferation. Having identified MC-dependent γδ T cell activation and proliferation in virus-infected skin, we next questioned whether the influence of MCs on γδ T cells was direct and capable of activating γδ T cells in the absence of other bystander cells in the tissue microenvironment. To begin to address this question, we performed a Transwell assay, in which T cells purified from the LNs of naive mice were applied to the upper compartment of the semiporous chamber, and BMMCs were added to the bot- Using intracellular staining of BMMCs, we observed a significant induction of both CCL2 and CXCL10 expression in DENV-exposed BMMCs ( Figure 5F ). To further characterize the effects of virusactivated MCs on the stimulation and proliferation of γδ T cells, we performed a coculture experiment, whereby T cells isolated from LNs were incubated with BMMCs in the presence or absence of DENV for 96 hours. Here, MCs promoted the relative expansion of γδ T cells ( Figure 5G ) and CD4 + T cells ( Figure 5H ), with no significant influence on the CD8 + T cell population ( Figure 5I ). Although we have noted some degree of γδ T cell activation in the presence of MCs alone, DENV-specific MC-induced γδ T cell activation was significantly higher ( Figure 5G ) and began as early as 48 hours after infection (Supplemental Figure 9 ). This basal increase in MC activation was likely due to soluble factors produced by MCs that were able to act on γδ T cells because of their close proximity in the coculture system. In support of this, we observed that the leukotriene receptor antagonist, but not the TNF-blocking antibody, was able to reduce the basal levels of MC activation in coculture, although the antagonist did not eliminate MC activation completely (Supplemental Figure 10) , indicating that multiple factors may be involved. These results show that specific activation of both αβ and γδ T cells can occur by MCs, but, interestingly, γδ T cells showed the highest expansion and percentage activation compared with CD4 + and CD8 + T cells ( Figure 5 , G-I). Survival of MCs was not influenced over the course of the experiment (data not shown). To validate the MC-and DENV-dependent expansion of γδ T cells, purified cells from naive mice were labeled with CFSE prior to coculture with BMMCs, and the percentage of γδ T cells undergoing proliferation was measured by flow cytometry ( Figure 5J) . A significant increase in proliferation was apparent when MCs were cocultured with γδ T cells compared with controls, and this proliferation was further increased in the presence of DENV ( Figure 5J and Supplemental Figure 11 ). CFSE dilution occurred in live cells and appeared stepwise on histograms, confirming that the dilution effect was due to proliferation (Supplemental Figure 12) . Thus, activation and proliferation of γδ T cells are both MC and DENV dependent.
Immune synapse formation between MCs and γδ T cells in vivo. After establishing the potential of DENV-exposed MCs to activate T cells in vitro, we questioned whether this occurs in vivo. DENVinfected skin was isolated 24 hours after s.c. injection with virus or saline as a control. This tissue was cryosectioned and stained for blood vessels, MCs, and γδ T cells. As MCs are tissue resident and γδ T cells patrol the skin constitutively, we expected to see both cell types in control tissues. Indeed, although γδ T cells were not present in all fields of view ( Figure 6A ), they could be infrequently located but did not show any clear interactions with MCs ( Figure  6B ). In contrast, in DENV-infected skin, MC and γδ T cell interactions were widely observed. In some cases, we identified clusters of γδ T cells that appeared very close to activated MCs ( Figure  6C ). In this case, MC activation was clear because of the presence of extracellular granules near the MCs, suggesting recent degranulation ( Figure 6C ). These γδ T cells could potentially be at a high density as a result of proliferation in situ or because of recruitment from the proximal blood vessel, since we observed that both proliferation and recruitment occurred in a MCdependent fashion in the FPs during DENV infection (Figure 4 , A and E). Interestingly, we observed physical interactions between tom chamber, with and without DENV2 as a stimulus ( Figure 5A ). Although MCs are highly resistant to infection by DENV (5), we included additional controls using bone marrow-derived macrophages (BMMΦ) to determine whether virus-infected cells could also induce responses similar to those of DENV-activated MCs ( Figure 5A ). Consistent with our in vivo experiments, we observed enhanced migration of total T cells to the bottom chamber when BMMCs were exposed to DENV, indicating that virus-induced MC activation is directly involved in the recruitment of T cells ( Figure  5B ). In contrast, we observed no enhanced recruitment of T cells by DENV-infected BMMΦ ( Figure 5B) . Furthermore, the γδ T cell population was preferentially enriched among the T cell subsets that migrated to the lower chamber toward DENV-activated BMMCs ( Figure 5C ). We found that the ratio of activated γδ T cells in the lower chamber (contact with MCs) relative to the upper chamber (no contact with MCs) was significantly higher when BMMCs were stimulated with DENV, but this was not the case in any of the other control groups ( Figure 5D ). These data suggest that activation of γδ T cells is both virus dependent and MC dependent, since it occurred only when γδ T cells came in contact with DENV-exposed MCs. However, in contrast, we observed no migration or activation of γδ T cells in response to infected BMMΦ ( Figure 5D ), highlighting a unique capacity of MCs to recruit and activate γδ T cells.
To identify stimuli that might promote recruitment of γδ T cells by MCs, we measured the expression of known γδ T cell chemoattractants by reverse transcription PCR (RT-PCR). Our results show that CXCL10 was highly induced in MCs upon stimulation with DENV ( Figure 5E ). We also detected an increase in expression of other chemoattractants that are known to promote T cell migration, including CCL2, CCL20, CCL25, and CCL27 ( Figure 5E ). We also selected 2 of these chemokines, CCL2 and CXCL10, to confirm that increased cytokine production occurs at the protein level. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-way ANOVA with Tukey's post test (B-E), Student's unpaired, 2-tailed t test (F), and 1-way ANOVA with Tukey's post test (G-J). γδ T cells and MCs, which was supported by the presence of multiple γδ T cell-MC conjugates in the same field of view in a representative image ( Figure 6D and Supplemental Figure 13 ). After quantification across multiple fields of view from multiple animals, we determined that approximately 36% of granulated MCs appeared to physically contact γδ T cells at the skin infection site (Supplemental Figure 13 ). Likewise, 24 hours after injection of DENV into the peritoneal cavity, we observed conjugates of MCs and γδ T cells ( Figure 6E ). After cytospinning and staining the peritoneal lavage cells for CD3, γδ TCR, tubulin, and MC-heparin, the nature of the physical interactions could be more clearly discerned. Contact sites between γδ T cells and MCs showed strong polarization and clustering of the γδ TCR and signaling molecule CD3 toward the MC ( Figure 6E and Supplemental Figure 14A ), while γδ T cells were not identified as interacting with MCs in cytospins from control animals ( Figure 6F and Supplemental Figure 14B ). Additional representative images from DENV-infected and control skin and from cytospins of peritoneal cells after i.p. infection or saline injection, including those showing multiple γδ T cell-MC conjugates from cells of DENV-infected animals, are provided in Supplemental Figure 14 . These images show the extensive recruitment and physical association of MCs and γδ T cells in vivo during DENV infection and, furthermore, suggest antigen presentation by MCs due to the consistent polarization of the γδ TCR during immune synapse formation.
TCR-dependent activation of γδ T cells by MCs.
To address the functional consequences of γδ T cells for immune clearance during DENV infection, we examined their ability to kill infected cells. Since DCs are targets of DENV infection in vivo, we used DENV-infected bone marrow-derived DCs (BMDCs) in coculture with total T cells to assess target cell killing. We detected a significant increase in cytotoxicity in DENV2-infected BMDCs that were exposed to total purified T cells, which was lost after deple- Given the appearance of immune synapse formation between MCs and γδ T cells (Figure 6E ), evidence of γδ T cell activation and tion of γδ T cells from the total T cell pool ( Figure 7A ), indicating that γδ T cells do indeed kill DENV-infected DCs. The death of the DENV-infected DCs by γδ T cells was also confirmed using an alternate method, in which we measured DC apoptosis by flow cytometry (Supplemental Figure 15) . In contrast, BMMCs that were exposed to DENV were not killed ( Figure 7B ), probably because of Finally, to validate the importance of γδ T cells in the clearance of DENV infection in vivo, we infected γδ T cell-deficient (γδ T cell-KO) mice (28) with DENV and monitored the infection levels in the skin of the FP, the site of infection ( Figure 7L) , and the LNs ( Figure 7M ). Quantification of DENV by real time RT-PCR showed that the viral burden was much higher in γδ T cell-KO mouse FPs 24 hours after infection than in the FPs of WT control mice ( Figure 7L ). By 72 hours after infection, viral titers were higher in the γδ T cell-KO mice in both the FP and LNs (Figure 7, L and M) . These results confirm that γδ T cells contribute to clearance of DENV in vivo.
Discussion
Although they are both responsible for surveillance at the front line of immune defense, MCs and γδ T cells have not to our knowledge been reported to interact with each other. This study demonstrates that antigen presentation by MCs to γδ T cells promotes γδ T cell activation through a TCR-dependent mechanism. Our findings show that, in turn, γδ T cells promote the early and direct killing of virus-infected cells, as shown by the fact that γδ T celldeficient animals have highly impaired clearance of virus from the site of infection and DLNs.
At the initiation of inflammation to DENV in the skin, we observed MC-dependent recruitment of several subsets of T cells to the site of infection. This is consistent with previous studies that demonstrated the MC-dependent recruitment of NKT cells and CD8
+ T cells to sites of viral infection (5). However, prior studies did not definitively ascribe the role of viral clearance to recruited T cells or reveal further mechanisms related to how the newly recruited cells could promote immunity. Taking a systematic approach to describe the subsets of T cells recruited to the DENV-infected skin, we demonstrated that γδ T cells were the earliest responding T cell subset and that their recruitment was also MC dependent. Since γδ T cells are known to patrol the skin, we expected that their increased numbers in the tissue might only be due to local proliferation. Our results using CFSE labeling of local tissue-resident cells showed that this is only a partial explanation for the enrichment of γδ T cells in DENV-infected skin, since there was a substantial increase in the nonlabeled portion of γδ T cells, which was suggestive of recruitment. However, a caveat to this interpretation is our observation that CFSE labeling in the tissue was not 100%, and it is likely that, in addition to recruitment, proliferation of unlabeled cells could explain a portion of the increase in unlabeled cells. Adoptive transfer of CFSE-labeled T cells to recipients prior to cutaneous DENV infection confirmed the recruitment of blood-derived T cells, including those of the γδ subset, into the skin. Although it is important to acknowledge that CFSE-labeling experiments have caveats (29) , these labeling experiments in MC-deficient mice support the idea that MCs induce both the recruitment and local proliferation of responding γδ T cells.
We observed that γδ + T cells, CD8 + T cells, and NKT cells were all recruited in a MC-dependent fashion to the infected skin, while CD4 + T cells were not substantially increased at early time points. This is probably because most CD4 + T cells in the skin are Tregs, which would not be beneficial to the clearance of virus. In contrast, CD4
+ T cells are recruited abundantly in the DLNs during proliferation ( Figure 5, D and F) , and the confirmation that this interaction does not involve direct killing of MCs ( Figure 7B ), we strongly suspected that a process similar to antigen presentation by MCs to γδ T cells was occurring and that it involved activation of γδ TCR. To determine whether MCs activate γδ T cells through the TCR, we used the specific inhibitor of the MEK/ERK pathway, MEK162, which is required for TCR signaling (25, 26) . T cells were cultured with and without MCs and DENV, after which the activation ( Figure 7C ) and proliferation ( Figure 7D ) of the γδ T cell subset were measured. We found that MCs alone induced the activation and proliferation of γδ T cells, which was further increased by DENV (Figure 7, C and D) . Inhibition of TCR signaling blocked the MC-and DENV-dependent activation and proliferation of γδ T cells, but not the MC-dependent and DENV-independent activation ( Figure 7, C and D) . This indicates that MCs activate γδ T cells and induce their proliferation, which occurs mechanistically through the γδ TCR in the presence of virus.
To identify the mechanism of γδ T cell activation by MCs, we cocultured MCs with T cells and pulled down the γδ TCR using a monoclonal antibody. By Western blotting, we observed TCRγ in whole-cell lysates from T cell and MC cocultures ( Figure 7E ). EPCR could also be specifically detected in the lysate fractions ( Figure  7E ). Western blot analysis on the fractions after γδ TCR pulldown confirmed pulldown of the TCRγ subunit and also revealed that EPCR was a protein associated with the γδ TCR ( Figure 7F ). Use of an isotype control antibody for pulldown confirmed the specificity of this interaction ( Figure 7F ). EPCR is a transmembrane glycoprotein and nonconventional antigen presentation molecule closely related to CD1d that has previously been described to interact with γδ TCR (27) . To validate that EPCR is expressed on MCs in vivo, we performed flow cytometric analysis on uninfected and DENVinfected DLNs. Indeed, we found that MCs expressed EPCR and that there was a significant increase in the number of EPCR + MCs in DLNs during DENV infection ( Figure 7G and Supplemental Figure 16A ). EPCR expression on MCs was also increased ( Figure  7H and Supplemental Figure 16, A and B) , whereas the number of EPCR + non-MCs and levels of EPCR on non-MCs were not significantly changed ( Figure 7H and Supplemental Figure 16 , C and D). To determine whether EPCR expression on MCs functionally affects γδ T cell activation during DENV infection, we also used a siRNA against EPCR (siRNA-EPCR) to determine whether it could block MC-mediated DENV activation of γδ T cells, compared with scrambled control siRNA (siRNA-SC). We detected no increase in cell activation in γδ T cells cocultured with BMMCs transfected with siRNA-EPCR (which showed ~83% knockdown) (Supplemental Figure 17 ), while siRNA-SC transfection of BMMCs did not inhibit γδ T cell activation resulting from the coculture ( Figure 7I ). To confirm that EPCR is required for γδ T cell activation in vivo, we performed an experiment in which a blocking and neutralizing antibody against EPCR was injected into FPs prior to infection with DENV. In support of the critical role of EPCR in γδ T cell activation during DENV infection, the numbers of both total ( Figure  7J ) and activated ( Figure 7K ) γδ T cells were reduced in the DLNs of animals that had been administered the EPCR-blocking antibody. These results show that EPCR is a critical component of the immune synapse between MCs and γδ T cells during DENV infection and that it promotes γδ T cell activation and proliferation. antagonist montelukast. Other studies also showed that soluble factors, including TNF, that are released by MCs can contribute to increased basal T cell activation (32) , although in our coculture, TNF blockade did not affect the basal activation levels. It should also be noted that we observed antigen-specific activation of traditional αβ CD4 + and CD8 + T cells, which is also suggestive of traditional antigen presentation by MCs and warrants future exploration of the functional consequences for immunity. Here, we focused on identifying the mechanism of TCR-dependent activation of γδ T cells by MCs. Pulldown of the γδ TCR revealed that it is physically associated with the nonclassical antigen presentation molecule EPCR. Other studies have also shown that EPCR is a ligand for the γδ TCR, which suggested it could be a ligand for infected or stressed cells (27) . Interestingly, the EPCR molecule binds the phospholipid phosphatidylethanolamine (33) , which is present on DENV particles and is probably derived from the ER membrane used for virus budding (34) . Blocking of EPCR in MCs, either with a siRNA or a neutralizing antibody, was also shown to significantly prevent γδ T cell activation both in vitro and in vivo. Our data suggest that the interaction of these molecules is critical for γδ T cell activation, but there may be other important molecules that participate in the interaction between MCs and γδ T cells.
Although γδ T cells have been shown in some cases to bind to viral glycoproteins, resulting in direct activation, independent of antigen presentation, we observed that DENV alone had minimal influence on γδ T cells and did not result in significant levels of activation. Our results also indicated that CD4 + T cells, though not significantly recruited by MCs to sites of DENV infection, expanded in coculture in the presence of MCs. This suggests that MCs are also able to activate CD4 + cells in an antigen-dependent manner, but it is not clear from these data whether this would occur in vivo, since there are very few MCs in DLNs where CD4 + T cells are abundant, and those in the DLNs are primarily confined to the LN sinuses (35, 36) , segregated away from T cell zones. Future studies are needed to understand the molecules that are used by MCs to present antigen to conventional T cells.
Activation of γδ T cells by MCs involves upregulation of the activation marker CD69 and proliferation, which was shown to be MC dependent. Consistent with these findings, IFN-γ production, another indicator of γδ T cell activation, was absent in Sash mice in the γδ T cell subset. It is also interesting to note, in the context of DENV immune defense, that γδ T cells were the primary T cell subset that produced IFN-γ at early time points of infection. Using γδ T cell-KO mice, we also confirmed that the MC-initiated and -dependent recruitment of γδ T cells is physiologically relevant during peripheral viral infection, since γδ T cell-KO animals had higher viral titers at the site of infection and in secondary target organs. This is consistent with findings of prior studies showing that γδ T cells are important for clearance of West Nile virus (19, 20) , which is closely related to DENV. Interestingly, since the DENV replication cycle requires approximately 12 hours for completion, our evidence that γδ T cells promote lower virus titers within 24 hours of infection emphasizes that these cells are capable of responding to infection and killing target cells that have been infected within the first or second amplification cycles of the virus in vivo. This contrasts with the role of MCs we observed pre-DENV infection, but most of those cells are traditional αβ Th cells. The influx of LN T cells is most likely the result of LN hypertrophy, which is dependent on MC-derived TNF (10) . Further studies will be needed to define how MC contributions to LN hypertrophy shape downstream functions of CD4 + T cells. There are multiple indications in our data that MCs are more consequential to T cell recruitment than are infected cells. First, we observed in Sash mice that there were higher levels of infection in the skin, but in spite of this, there was greatly reduced recruitment of T cells at early time points. Second, even in Transwell experiments in which infection-permissive cells were used, T cell chemotaxis did not occur as significantly as it did when MCs were activated on the opposite side of the Transwell. Despite not showing direct chemotaxis toward infected MΦ, T cells were clearly still able to identify and kill infected cells, since cytotoxicity levels increased in infected DCs compared with levels in uninfected DCs in direct coculture. MCs, in contrast, are not significant targets for T cell killing, probably because they are very resistant to DENV infection (5) . In spite of this, our previous study suggested that features of MC activation were consistent with the process of abortive replication, since they apparently internalized virus particles, and activation of MCs and cytokine production in response to DENV were dependent on cytosolic pattern recognition molecules such as TLR3 and MDA5 (5). These observations point to the conclusion that MCs act as immunosurveillance cells, promoting the recruitment and activation of T cells so that nearby infected cells can be targeted for killing.
Whether MCs are nonclassical APCs has been debated. Some mechanisms through which MCs could contribute indirectly to antigen presentation have been postulated and include, for example, the passing of antigen to DCs for further processing and presentation (30) or the release of exosomes that might come in contact with T cells and induce their activation (31) . Multiple studies have shown that MCs and T cells can physically interact in tissues (16) , and we previously observed that MCs interact with CD3 + cells in DENV-infected skin (5), but it has not been clear if this interaction occurs as a component of the normal surveillance role of T cells in tissues (11) . Several of our results presented here indicate that the interaction between MCs and γδ T cells is more analogous to "professional" antigen presentation rather than endogenous or "nonprofessional" antigen presentation. First, we observed that MCs and γδ T cells form conjugates in vivo that are characterized by polarization of the γδ TCR toward the MC contact site. This indicates that immune synapses form, even though MCs themselves are not targets of killing. Second, we observed that a significant portion of the γδ T cell activation and proliferation occurs only in the presence of DENV. Third, T cell activation was dependent on TCR signaling cascades. This was shown by the observation that the ERK pathway inhibitor, which was used to block TCR activation, completely abrogated the antigen-dependent component of γδ T cell activation. Like other groups (11), we also saw a certain amount of nonspecific γδ T cell activation that was MC contact dependent. While there was a baseline increase in T cell activation upon coculture with MCs, this was likely due to secretion of soluble factors including leukotrienes, since a portion of the response was inhibited by the leukotriene receptor Virus quantification. DENV genomic copy numbers in the FPs and LNs were quantified by homogenizing tissues in tissue lysis buffer (QIAGEN, Buffer RLT) with ceramic beads (Glen Mills) using a mechanical homogenizer (QIAGEN). Total RNA was isolated using the RNeasy Kit (QIAGEN) according to the manufacturer's protocol. cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad), with 5 pmol DENV2 primer added to the reaction mix. DENV2 forward and DENV2 reverse primers (Supplemental Table 1 ) were used for quantification with SYBR Green Reagent (Bio-Rad) in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Copy numbers were then calculated using a DENV standard curve generated from serial dilutions of a DNA plasmid containing the DENV genomic sequence.
Transwell and coculture assays. To generate BMMCs, bone marrow was flushed from naive C57BL/6 mouse femurs and cultured in RPMI medium containing 10% FBS, 1% supernatant from Cho-KL cells, which contains stem cell factor (produced in-house), penicillin and streptomycin, HEPES, trypsin inhibitor, sodium pyruvate (Thermo Fisher Scientific), and recombinant IL-3 (5 ng/ml, R&D Systems). After 4 weeks, MCs were verified to be more than 95% pure by toluidine blue staining (MilliporeSigma) prior to use. BMMΦ were prepared as described elsewhere (40) . T cells from LNs of naive C57BL/6 mice were purified using a Pan T Cell Isolation Kit II for mouse (Miltenyi Biotec), according to the manufacturer's instructions. For Transwell migration assays, 1 × 10 5 T cells were applied to Transwell inserts with 3-μm pores (BD Biosciences), and 1 × 10 5
BMMCs or BMMΦ were grown in the lower chamber in a 24-well plate. Cells were infected using a MOI of 1 of DENV2 for 1 hour in the lower chamber prior to placing the inserts and adding T cells to the top chamber of the Transwell. T cell numbers in the upper chamber were counted after 12 hours and subtracted from the initial count to determine the number of T cells that migrated to the bottom chamber. Flow cytometry was used to characterize the subsets of T cells that migrated to the bottom chamber. For coculture assays, 1 × 10 5 BMMCs were mixed with 1 × 10 5 T cells in complete RPMI with 20 U/ml mouse IL-2 (MilliporeSigma) for 48 to 96 hours. To challenge BMMCs with DENV2, BMMCs were incubated with DENV (MOI = 1) for 1 hour prior to coculturing. Flow cytometry was performed to characterize the frequency of T cells after coculturing. MEK162 (Selleckchem) was used at a concentration of 0.2 μM for the inhibition assay. For siRNA-mediated knockdown of BMMCs, BMMCs were transfected with 200 nM EPCR siRNA or scrambled control (Santa Cruz Biotechnology) using 4D-Nucleofector (Lonza). Knockdown efficiency was checked 24 hours after transfection using the primers provided by viously during systemic infection, in which widespread activation of MCs was found to contribute significantly to inducing vascular leakage and pathological signs of DENV disease (37) . Prior to systemic infection, early MC activation is protective, having the potential to significantly limit the infection burden in vivo through the recruitment and activation of T cells. Taken together, we believe our results define a new role for MCs as nonconventional APCs in peripheral tissues that are responsible for the recruitment and TCR-mediated activation of γδ T cells, leading to viral infection clearance.
Methods
Animal studies. All animal experiments were conducted in the vivarium at Duke-NUS Medical School. C57BL/6 mice were purchased from InVivos. MC-deficient Sash mice (W Infections. For infections, Eden2, a clinical isolate of DENV2, was used. This low-passage clinical isolate was originally obtained from the Duke-NUS reference laboratory and derived from the Early Dengue Infection and Outcome (EDEN) clinical study (38) . Viral strains were propagated in Aedes albopictus C6/36 mosquito cells (CRL-1660, ATCC), maintained in RPMI medium 1640 with 25 mM HEPES, and titered using standard methods (5, 39) . Mice were infected with 1 × 10 5 pfu DENV s.c. into the FPs or by i.p. injection of 1 × 10 6 pfu DENV.
Sash mice were i.v. injected with 1 × 10 7 mature BMMCs from congenic controls to generate Sash-R mice as previously described (5). Mcpt5-Cre/iDTR mice were injected with DT (25 ng/g BW) every week for 4 weeks for systemic MC depletion before infection, following a previously published protocol (24) . Depletion efficiency was assessed by flow cytometry. For in vivo labeling of T cells, 1 × 10 -6 mmol CellTrace CFSE (Thermo Fisher Scientific) was injected s.c. into the FPs of mice 4 hours prior to infection with DENV, according to an established protocol (9) . To verify the migration of blood-derived cells into the FPs and LNs, splenocytes from mice were labeled ex vivo with CellTrace CFSE at a final concentration of 5 μM after lysis of RBC. CFSE-labeled splenocytes (1 × 10 7 ) were then adoptively transferred into recipient mice by tail-vein injection. In vivo blocking of EPCR (Thermo Fisher Scientific, 16-2012-83) was achieved by s.c. injection of 5 μg monoclonal antibody 24 hours and 4 hours prior to infection. For controls, an IgG isotype control (Thermo Fisher Scientific, 16-4031-81) was similarly injected prior to infection.
Flow cytometry. FP skin and popliteal LNs were harvested and dissociated with collagenase (MilliporeSigma) before passing through a cell strainer (BD Biosciences) to make single-cell suspensions. Total cell numbers were determined by counting with a hemocytometer. Cells were then stained with anti-CD45-BUV395 (564279), anti-CD3e-PercP-Cy5. used for tubulin staining was anti-mouse AF405 (Abcam, ab175658). Slides were mounted with Prolong Gold Antifade Reagent (ThermoFisher Scientific), and images were acquired using a Carl Zeiss LSM710 confocal microscope. Images show single optical sections acquired in channel series. Merged images contain all channels, and colocalization images were generated using ImageJ software (NIH). Immunoprecipitation assays. Total T cells isolated from naive mice were depleted of CD4 + and CD8 + T cells using microbeads (Miltenyi Biotec). The remaining T cells were then cocultured with BMMCs exposed to DENV2 (MOI = 1) for 1 hour at a 1:5 ratio. Cells were pelleted after 24 hours and washed twice with cold PBS. Cells were then lysed in RIPA buffer with 1× protease inhibitor cocktail. Cell lysates precleared with Protein A/G Agarose Beads (Thermo Fisher Scientific) were then incubated overnight with 2 μg anti-γδ TCR antibody (BioLegend, 118101) or isotype antibody (BioLegend, 400901) in the cold room, followed by incubation with protein A/G agarose beads for 6 hours. The beads were washed 3 times with lysis buffer, and protein complexes were fractioned by SDS-PAGE. Proteins were detected on Western blots with polyclonal anti-γ TCR (Santa Cruz Biotechnology, SC-25609) and anti-EPCR (Thermo Fisher Scientific, PA5-32217) antibodies. Statistics. To determine statistical significance, unpaired 2-tailed Student's t tests or 1-way or 2-way ANOVA were performed as appropriate using Excel (Microsoft) or GraphPad Prism (GraphPad Software). A P value of 0.05 or less was considered significant. Error bars represent the SEM.
Study approval. All animal experiments were performed according to protocols approved by the IACUC of SingHealth (Singapore).
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